Abstract DNA methylation is a key epigenetic mark when occurring in the promoter and enhancer regions regulates the accessibility of the binding protein and gene transcription. DNA methylation is inheritable and can be de novosynthesized, erased and reinstated, making it arguably one of the most dynamic upstream regulators for gene expression and the most influential pacer for development. Recent progress has demonstrated that two forms of cytosine methylation and two pathways for demethylation constitute ample complexity for an instructional program for orchestrated gene expression and development. The forum of the current discussion and review are whether there is such a program, if so what the DNA methylation program entails, and what environment can change the DNA methylation program. The translational implication of the DNA methylation program is also proposed.
Introduction
Among the rising literature on epigenetics, besides cancer research, developmental epigenetics is the next imminent field in the epigenetic application. The cytosine of mammalian DNA can be chemically modified to influence the transcriptibility. DNA cytosine methylation, at the major groove of the α helix, together with histone modifications, presents a 3D conformation change of histone linker H1 that condenses the nucleosomal arrays (Schmid et al., 1984; Brown et al., 1995; Karymov et al., 2001; Gisselsson et al., 2005) . Such conformation change hinders the accessibility or binding of bioactive proteins including transcription factors, epigenetic modification enzymes, polyribosomes, and short sequences of nucleotides. The consequence is often inactivation of transcription (Busslinger et al., 1983; Yisraeli et al., 1988; Jones and Takai, 2001 ). In the vertebrate genome, methylation occurs preferentially in cytosine adjacent to guanine (CpG). About 70%-80% of the CpG are methylated except those CpGs clustered as islands in the seas of the genome (Gardiner-Garden and Frommer, 1987) which prevail in the promoter region (Bird, 1986; Ramsahoye et al., 1996; Lister et al., 2009) . DNA methylation distributed in promoter and enhancer regions has been shown to influence the gene transcription. Recently, the type of methylation at intragenic regions is also found to be associated with transcription . There are many key questions yet to be explored on how transcription is influenced. One set of major questions is whether the DNA methylations are invariantly inherited from parental cells, or are methylated de novo at each daughter cell? If methylated de novo, is there memory that allows recapitulation of the previously established methylation? It is known that mammalian tissues are heterogeneous in their methylation; such methylation heterogeneity is hypothesized to be the driving force of the orchestrated specific gene expression in the making of tissue specification (Tawa et al., 1990) . How are the heterogeneity and tissue specificity of methylations among tissue and cells achieved? During the developmental stage there is a swift progression of progenitor cells into differentiation and of cellular limitation that leads to a new type of cells. How is the methylation among other epigenetic events evolved over the progression of these developmental stages? Lastly, during the establishment of methylation, would it be subject to environmental modifications?
As more methylations form and their interactions have been recently identified, this review will focus on the occurrence of DNA methylation and demethylation through neural development. Specifically, we will provide evidence that DNA methylation occurs in an orderly and programmed fashion parallel with the progression of development. A "programmed DNA methylation" which may contribute to the developmental progression is discussed. In addition, this review discusses the environmental inputs that alter the destined DNA methylation programs contributing to developmental deficits. These two lines are important since increasing evidence points to many inborn abnormalities and late onset diseases may be rooted with erroneous epigenetic coding during early development e.g. BeckwithWiedemann syndrome, Angelman's syndrome, Rett syndrome, and Autistic Spectrum disorders.
Cellular DNA-methylation and -demethylation
Currently, there are two recognized forms of DNA methylation: the 5-methylcytosine (5mC) and 5-hydroxylmethylcytosine (5hmC). The 5mC is catalyzed by DNA methyl transferase (DNMT)-the DNMT3a and 3b mediate de novo methylation, while DNMT1 mediates methylation complementary to the strain which has been methylated (Hermann et al., 2004; Goll and Bestor, 2005) . The 5hmC is a hydroxylated form of the 5mC mediated by the ten-11 translocation 1/2/3 (Tet1/2/3) enzyme (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009; Guo et al., 2011; . The demethylation thus far was achieved through either passive or active pathways. In passive demethylation, or replication dependent demethylation, the 5mC is passively demethylated by dilution through generations of cellular divisions in the absence of DNMT, e.g. zygotic global demethylation (Kafri et al., 1993; . In active demethylation, Tet1/2/3 converts the 5mC through oxidation into 5hmC. The 5hmC can be demethylated into 5-formylcytosine (5fC) and subsequently 5-carboxylcytosine (5caC) by Tet1/2/3 enzyme, or by deamination though cytidine deaminase AID (activation-induced deaminase) to 5-methyl uracil (5mU). Alternatively, the 5mC can be converted by AID/APE (activation-induced deaminase/apolipoprotein B mRNA editing enzyme) into thymine. The thymine, 5caC, and 5mU can be converted by TDG (Thymine-DNA glycosylase, whose primary function was thought to repair T-G mismatches) back into cystidine (Wolffe et al., 1999; Wu and Zhang, 2010; Bhutani et al., 2011) . The active demethylation process prevails during development and is maintained in the adult brain e.g. in hippocampus (Guo et al., 2011) and cerebellum (unpublished observation).
The methylation and demethylation dynamics may be an important mechanism to stage the gene expression and play an active role in the regulation of development. While 5mC's association with suppression of transcription is well accepted, the role of 5hmC is ambivalent and has not been established (Bhutani et al., 2011) . The first impression that 5hmC is an intermediate form transition to demethylation, which indicates that it is transient and unstable, meets challenges. It is known that the two forms of methylation have coexisted as early as the stage of fertilization and morulation Iqbal et al., 2011) . Our observation of the steady coexistence of 5mC and 5hmC in the developing cells throughout neurulation and brain development argues against this notion of 5hmC as merely an intermediate product (described in next paragraph). More recent findings suggest that 5hmC is actively engaged in potential functionality departing from that of 5mC. The global analysis indicated that 5hmC was found to be bivalent in association with either genes, active or transitioning toward transcription in embryonic stem cells and in developing brain (Szulwach et al., 2011) . The genomic distribution of 5hmC, other than intergenic and promoter regions, is highly associated with intragenic gene body regions, particularly those with transcriptions . It is known that 5mC receives binding proteins MBD1/2/4 and MeCP2, but not MBD3. More recent findings indicated that MBD3 binds to 5hmC (Yildirim et al., 2011) . Since the 5hmC is rather an enduring form of the DNA methylation, delineation of the function of 5hmC warrants further investigation. These observations indicate that the transition of 5mC and 5hmC are a dynamic process that may serve as a means for regulating the transition of gene transcription.
During early neural tube development, the 5mC and 5hmC appear to occur within the developing cells in tandem. Both 5mC and 5hmC exist in an observed stage of development e.g. from gestation (E) 5-17 in mice. The 5caC and 5fC are also present early on in new born cells or cells under differentiation. The co-existence of the methylation and demethylation marks indicate that a constant turn-over of 5mC to 5hmC and further demethylation is the norm in the genome of any cells at most stages of a life span (Fig. 1) . The appearance of 5mC precedes 5hmC shortly in developing embryonic cells, and localize in a mosaic in chromatic regions within the nucleus correspondent to the heterochromatic and the euchromatic compartment respectively, as indicated by DAPI double staining. This arrangement indicates that the conversion of 5mC to 5hmC is associated with chromatin remodeling, which supports the observation that 5mC demethylation to 5hmC is a transition of changing transcription. The appearance of 5hmC is accompanied with the Tet1/2 e.g. in the neural tube, and heart cells. The DNA methylation binding protein appears after the arrival of 5mC and 5hmC (Zhou et al., 2011b) . It lags by one day in newly emerged mouse neural tube cells during early gestation. The MBD1 and MeCP2 both appear early in the prenatal stage e.g. embryo day 10 (E10) in the neural tube by following behind the DNA methylation by a day or so in mouse development (not shown). Both increase expression over time and peak at early postnatal stage.
The establishment of DNA methylation in the new born cell over the developmental stage can be accomplished by (a) Inheritance from parental cells, in which maintenance synthesis is followed to fill the methylation of the newly synthesized strain; or (b) De novo synthesis, in which no templates are provided, and the methylation is dependent on unknown memory in the new cells; or (c) a Combination of the two, in which part of the genomic methylations are inherited, and part are newly established. First, the DNA methylations are inherited during cell division in which DNMT1 mediates methyl transfer by interacting with proliferating cell nuclear antigen (PCNA) at the replicationfork of two unwinding stands (Schermelleh et al., 2007) . Second, evidence also demonstrated that new born cells, for example many progenitor cells at the ventricular zone adjacent to the brain ventricle, are totally devoid of 5mC and 5hmC as indicated by immunocytochemical detection (Fig. 1 ). In this case, a de novo DNA methylation is required which is achieved by the presence of DNMT3a/3b. It is unclear whether the methylation pattern of the parent cells can be re-established entirely in these cells. Third, many of the new born cells inherited part of the parental methylation and progressively complete other methylation throughout epigenome. Apparently, de novo cytosine methylation is a major means for the re-establishment of new methylome that would most likely not be identical to that of parental cells. In any of the above cases, the outcome of the DNA methylation turn over during cell proliferation, particularly over the growth spurt during generation of new cells, new tissue, or new organs, is likely diversified which leads to a heterogeneous methylome. The subsequent transcription can be regulated differentially from parental cells and leads to new identities of the daughter cells. A compelling question is then asked, "Are these trans-cellular methylations during proliferation randomly occurring or is there some sort of order?"
DNA methylation program during neurodevelopment
It is now clear that DNA methylation is neither random nor fixed within a genome over the life span. Evidence suggests that DNA methylation, throughout development, is rather "orderly" with a clear pattern. This orderly pattern is preserved over evolution time. Such an evolving epigenetic pattern that constitutes as "memory" (Bird, 2002) may be a way for maintenance of stable cellular identities (De Carvalho et al., 2010; Deaton and Bird, 2011) . On the other hand, the DNA methylation is also progressing over the embryonic and postnatal development which has been hypothesized as a driving force participating in directing life events, including shaping development and defining the stages of the life of a species, and determining cell fate for tissue specification. The DNA methylation transformation in an orderly manner during tissue or organ development is referred here as DNA methylation program (DMP).
The earliest DMP is known to occur soon after fertilization. Both 5mC and 5hmC are initially inherited from parents through the gametes. However, the parental and subsequently maternal genome is passively demethylated shortly after fertilization as cells are undergoing rapid divisions in the absence of DNMT, such that no major inherent or environmentally acquired DNA methylation history is transmitted to the offspring. Meanwhile, the global demethy lation endows a totipotency to the zygotes. Soon thereafter, a less understood widespread de novo remethylation, mediated by DNMT, occurs to ensure the epigenetic regulation of genomic function (Morgan et al., 2005) . Another wellestablished example is that during development the germ lines are also going through a global DNA demethylation and remethylation as they migrate into the gonadal ridge thus further eliminating potential carry-over of methylation memory from parents to the offspring (Brandeis et al., 1993; Kafri et al., 1993; del Mazo et al., 1994; . The totipotent embryonic stem (ES) cells are also going through redistribution at a genomic level, in which a distribution of 75% CpG methylation and 25% of non-CpG distribution are shifted to 99% CpG methylation (Lister et al., 2009 ). These drastic but unfailing processes have been conserved through evolution, which indicates that early life DNA methylation is essential for development and cellular function. The subsequent remethylation after widespread erasure is diverse during cellular proliferation. As indicated above, a methylation pattern can either be inherited, e.g. reinstated in symmetric daughter cells or partially modified, e.g. heterogeneous in asymmetrical daughter cells. Subsequently, during morulation, distinct methylation patterns characterize totipotent cells in the inner mass embryonic stem (ES) cells and trophoblasts of the external tissue (Nakanishi et al., 2012) .
Until recently, the diverse reinstatement and modification of DNA methylation beyond morulation was not clear. The DMP progression beyond the morula stage is recently reported by Zhou et al. (2011b) . This study demonstrated a neurulation-stage DMP in which 5mC, DNA methylation binding domain 1 (MBD1), and DNA methyl transferase 1 (DNMT1) exhibited distinct spatiotemporal patterns that coincided with neural differentiation in the neural tube (Zhou et al., 2011b) (Fig. 2) . During neural tube development in the AP-axis, the brainstem differentiation progresses first and progresses rostrally and caudally, the DMP follow the progression of the neural axis. In the dorsoventral division, the ventralis differentiates earlier than the dorsalis, so does the DMP. Many of the neuroprogenitor cells near the ventricle bear no DNA methylation marks. The neural tubes expanded their cell number through proliferation in the absence of DNMTs. The newly arrived cells thus do not bear DNA methylation, e.g. actively proliferating ventricular zone and dorsal neural tube (Zhou et al., 2011b) . They acquire DNA methylation of both 5mC and 5hmC when the proliferation ceases, begin their restriction (cell fate progression), and head for migration. Many of the differentiating neurons containing a high level of DNA methylation, will lose their 5mC and 5hmC later after arriving in target regions of the brain when transitioning into the stage of active wiring and synaptogenesis. This methylation and demethylation cycle can repeat over the progression of differentiation. The progression of DMP is cell stage-dependent. Thus, within a tissue or brain region, the late differentiating neuroprogenitor cells initiate the early DMP while the more differentiated neurons advance further in DMP. This is nicely demonstrated in the cortical layer during early development where newly arrived neurons are distributed in a top-down manner. Among the known DNA methylation marks, all do not appear at the same time. Throughout developing nervous systems and embryos in general, the 5mC appears first followed by 5hmC. It is also apparent that the DNA demethylation marks, 5caC and 5fC, have been identified early during the development e.g. at E10. This indicates that DMP includes DNA methylation and demethylation which are prevailing throughout the neural development. This likely explains the active repression and activation of different cohorts of genes during differentiation. The DNMT is similarly distributed as that of 5mC Figure 1 The DNA methylation program shows spatiotemporal distribution of the immunocytochemical staining (brown diaminobenzidine) of methylation marks, 5mC (a) and 5hmC (b), and their demethylated forms, 5caC (c) and 5fC (d) in the neural tube at approximately gestation day 10 old embryo. There is a clear dorsoventral gradation in the neural tube in which DNA-methylation program (both 5mC and 5hmC, and their demethylation form 5fC and 5caC in the ventral is ahead of that of the dorsal. The progress of methylation gradations are parallel with the progression of differentiation gradation shown by immunostained cellular retinoic acid binding protein (Crabp, e) and nestin (f). D: dorsal aspect, V: ventral aspect. 5mC: 5methylcytosine, 5hmC: 5hydroxylmethylcytosine, 5fC: 5formylcytosine, 5caC: 5carboxylcytosine. Vertical scale bar = 50 μm for a-d. spatiotemporally in neural axial and dorso-ventral patterns (Zhou et al., 2011b) . The MBD1 shows a similar dorsoventral pattern to that of 5mC but appears a day late in gestation. The progression of the DMP is also demonstrated genome-wide. During neural stem cell differentiation, a signature epigenomic program is diversification of DNA methylation, in which many moderately methylated genes became hypo-and hyper-methylated (Zhou et al., 2011a) . This is in consistence with the understanding that many multipotent genes were turned off, e.g. Oct 4; and many cell specific genes were turned on, e.g. MAP2 (Zhou et al., 2011a) . The DMP becomes more elaborated along with developmental progression in the growing brain. The cellular 5mC and 5hmC are highly correlated with the neural progenitor cells and their progressions during differentiation throughout the brain e.g. cortical differentiation and hippocampal and dentate development. The 5hmC also demonstrated an epigenomic change in the developing hippocampus and cerebellum. When comparing early postnatal (P)7, P42, and one-year-old mice, it was found that the acquisition of 5hmC was developmentally programmed (Szulwach et al., 2011) . The function of 5hmC is still unclear, but a positive correlation of 5hmC and the transition toward transcription is conjured. It was found that 5hmC is distributed rather richly in the gene body more than in promoter regions of the genes actively transcribed. Furthermore, the 5hmC levels were inversely correlated with methyl-CpG-binding protein 2 (MeCP2) in the cerebellum and hippocampus during early postnatal development (Szulwach et al., 2011) . Thus the DMP includes the 5mC and 5hmC dynamics, and methylation-demethylation transition spatiotemporally during development.
The next question being raised is "Does developmental progression lead DMP, or reversely, does the DMP drive the developmental progression?" Apparently, DNA methylation is ensured though evolutionary hierarchy. Transient global demethylation is immediately corrected with remethylation. The disruption of DNA methylation is either lethal or leads to major developmental deficits. DNMT1, which adds methylation hemi-methylated DNA, is essential for cell viability in Figure 2 The progression of embryonic development has a distinct neural axial and ventrodorsal gradations. The hindbrain is developed first and the differentiation (Diff) progressed rostrally and caudally in the neural tube axis. In cross section, a ventral to dorsal progression of maturation also occurs. This maturation gradation is evident in the order of neural tube closure in both axial and ventrodorsal progression. It is also evident by many phenotypic markers e.g. nestin, Crabp, neu-N and Map2 (Zhou et al., 2011) . The progression of maturation is overlapped with progression of DMP (DNA methylation program) of many DNA methylation marks as well as with histone codes. D: dorsal aspect, V: ventral aspect. Arrows indicate direction of progression of neural tube closure, DMP and differentiation.
various mouse models; DNMT1 knockout delivers a strong blow to genome stability and cell viability (Brown and Robertson, 2007) . DNMT3a/3b for de novo DNA methylation are essential for ES cells, early embryogenesis and early development, and are continuously required for late development and adult stage (Okano and Li, 2002) . Pharmacologically, it was demonstrated that inhibition of DMP by treating embryos with 5-azacytidine (5-aza), a 5mC analog which inhibits DNMT for DNA methylation, retarded the embryos growth (Zhou et al., 2011b) . The 5-aza also prevented migration and differentiation of neural stem cells in the culture (Singh et al., 2009) . As for the function of 5hmC, knockdown (KD) of Tet1 and Tet2 in ES cells leads to defects in differentiation (Koh et al., 2011) , while Tet1 knockdown also leads to defects in self renewal (Ito et al., 2010) . Despite these defects in KD cells, Tet1 KD mice are viable and fertile (Dawlaty et al., 2011) . This evidence puts the DMP in front of developmental progression.
Environmental modification of epigenetics during development
Many environmental factors can significantly alter the in utero environment, but how they manifest long-term developmental reprogramming is mostly unclear. Epigenetics is capable of recording certain environmental impacts, deposits these on chromatin, and serves as memory or history of the cells and organisms. The progression of the DMP in a protracted developmental period has a great opportunity to record environmental factors that may alter the trajectory of the development. The availability and quality of food that is fed during early development influences epigenetic make-up and potentially the developmental trajectory. The best exemplified cases include nutritional control of development of bees and mice. Genetically identical honeybee larvae fed with royal Jelly turn into reproductively capable queens, but when fed with common food, turn into infertile workers. Such similar fate determination in the bee population can be achieved by simply silencing the DNMT3 (Kucharski et al., 2008) . In mammals, genetically identical Agouiti mice can vary in coat color and propensity for obesity and turmorigenesis depending on the expression of the A(vy) gene (Duhl et al., 1994) . The A(vy) gene is regulated by methylation state of the intracisternal A particle (IAP) retrotransposon upstream; the unmethylated 5′ IAP long-terminal repeat (LTR) lead to yellow coat, while methylated 5′ IAP LTR lead to pseudoagouti (Dolinoy, 2008) . The degree of DNA methylation although programmed is dynamic and dependent upon maternal nutrition and environmental exposures during early development. (Waterland and Jirtle, 2003; Dolinoy et al., 2006) . The Agouti mice have been used to serve as a biosensor for environmentally induced methylation change. Bisphenol A (BPA), a chemical in many plastic drink bottles, when exposed to pregnant A(vy) mice, were found to increase yellow, obese progeny (Dolinoy et al., 2007) . BPA was found to reduce DNA methylation. Supplementing the BPA treated dams with folic acid and vitamin B12 (methyl donor) was shown to counteract the reduction in DNA methylation caused by BPA. A similar test was found to validate that alcohol exposure during fetal development can affect methyl donor (Kaminen-Ahola et al., 2010 ). An epidemiological study revealed that nutritional status of the parents and grandparents can influence cardiovascular disease and diabetes in children (Kaati et al., 2002) . Prenatal exposure to famine in "Dutch Hunger Winter" during World War II (Lumey et al., 2007) was linked to a range of developmental and adult disorders, including low birthweight, diabetes, obesity, coronary heart disease, breast cancer, and transgenerational effect (Stein et al., 2004 (Stein et al., , 2006 Kahn et al., 2009; Lumey and Stein, 2009 ). These abnormal developments were found to be associated with persistent epigenetic differences including less DNA methylation of the imprinted IGF2 gene (Heijmans et al., 2008) . In light of epigenetics as a program that closely interact with the developmental progression, the environmental inputs effecting epigenetic progression inuterus, early postnatal development, or previous generations leading to development deficit and contributing to late onset diseases (Perera and Herbstman, 2011) , is perhaps one of the most exciting underexplored territories. For example, alcohol exposure prior to or during pregnancy were found to alter DNA methylation Ouko et al., 2009; Govorko et al., 2012; Otero et al., 2012) and gene expression (Green et al., 2007; Zhou et al., 2011c) of the offspring. A number of recently studied environmental factors have been demonstrated to influence epigenetics during development including nutrition (starvation, folic acid, choline), stress (maternal stress may influence programming of endocrine or immune systems in their offspring), pollutants (BPA, PAH), toxic metals or chemicals (lead, arsenic, pesticide), and Figure 3 The epigenome is not static but dynamic, and not only tissue specific but are also cell-type specific; its making during development is not random but programmed in orderly manner. The epigneome is now believed permeable and subject to changes. During or after establishment of the epigenome, environment factors such as nutrition, stress, toxin, pollutant, and abusive substance can through changing epigenetics to alter the epigenome.
substance abuse (alcohol, tobacco, etc.) are categorized in Table 1 . Some of the environmental disruptors that altered DNA methylation can be inherited and cause transgenerational adult-onset diseases e.g. the pesticide vinclozolin (Anway et al., 2006) . Understanding of the environmental contributors to epigenetic changes will provide clues and generate new hypotheses for mechanisms yet to be deciphered in developmental deficits and late adult on-set diseases.
Summary
DNA methylation, 5mC and 5hmC, is an inheritable epigenetic mark which regulates the accessibility of DNA binding sites. Besides being inheritable, it can be de novo synthesized, erased and reinstated. New findings reveal that the DNA methylation process during development is not random, nor fixed, but is an orchestrated event. During development, it is spatiotemporally programmed in the growing embryo. The evolving program was observed during early development from blastocytes to neurulation, and onto brain growth. Its distribution is partially inherited and partially created de novo differentially in daughter cells, which contributes to tissue specificity. At the genomic level, it is dynamic, shifting from non-CpG to CpG, at many promoter regions to gene body as 5mC converted to 5hmC. More of such epigenetic programs are expected to be unveiled in later developmental stages and in diversified tissues. The making of the meticulous program is not yet understood. Such a program is subject to environmental inputs. Impeding the program has been found to disrupt neural differentiation and developmental progression leading to developmental deficits. Many environmental factors have been known to alter the DNA methylation program, e.g. nutrition, stress, pollutants, toxic metals/chemicals, and substance abuse. The environmental factor evoked epigenetic change opens a new hypothesis underlying developmental deficit and late onset diseases. Growth retardation, neurodevelopmental deficit, birthweight reduction Ouko et al., 2009; Govorko et al., 2012; Otero et al., 2012 ) (alcohol); (Suter et al., 2011) (Tobacco) Note: ALS: Amyotrophic lateral sclerosis; BPA: Bisphenol A; PAH: Policyclic aromatic hydrocarbons.
